This study describes the production of a solid-phase assay (test strip/dipstick test) for putrescine and cadaverine in tuna based on the coupling of an amine oxidase to a peroxidase/dye system. The assay was linear to 75 mM in phosphate buffer, and the minimum detectable concentration was 0.5 mM (<0.1 ppm), corresponding to 0.01 mg% in spiked extracts. Intra-and interassay precisions were <20%. Test strips were stable at 4°C for at least 12 months. Lysine, ornithine, and histidine did not react with the assay, and histamine reacted only minimally. Sixteen fish samples were tested by test strip and the standard AOAC protocol, and results were in good agreement. H istamine, putrescine, and cadaverine are biogenic amines produced during microbial decomposition of fish. Serious outbreaks of food poisoning from seafood and other foods are often associated with unsuspected elevated levels of one or more of these amines. The amines are produced by the decarboxylation of the amino acids histidine (histamine), ornithine (putrescine), and lysine (cadaverine) by bacterial enzymes (1). These amino acids are present in various concentrations in different types of food. High concentrations of free histidine are found in the muscle (2, 3) of scombroid fish (families Scombridae and Scomberosocidae) such as tuna and other marine fish such as mahi mahi, which have been associated with frequent outbreaks of food poisoning. Large amounts of ornithine and lysine typically are found in animal tissue (1) but are also present in seafood, cheese, and other foods.
H istamine, putrescine, and cadaverine are biogenic amines produced during microbial decomposition of fish. Serious outbreaks of food poisoning from seafood and other foods are often associated with unsuspected elevated levels of one or more of these amines. The amines are produced by the decarboxylation of the amino acids histidine (histamine), ornithine (putrescine), and lysine (cadaverine) by bacterial enzymes (1) . These amino acids are present in various concentrations in different types of food. High concentrations of free histidine are found in the muscle (2, 3) of scombroid fish (families Scombridae and Scomberosocidae) such as tuna and other marine fish such as mahi mahi, which have been associated with frequent outbreaks of food poisoning. Large amounts of ornithine and lysine typically are found in animal tissue (1) but are also present in seafood, cheese, and other foods.
The etiology of scombroid poisoning is thought to be histamine ingestion (4) (5) (6) (7) . Typically, symptoms appear in less than 1 h after ingestion of contaminated fish. The clinical presentation includes erythema and uticaria of the skin, facial flushing, sweating, palpitations, headache, nausea, vomiting, diarrhea, abdominal cramping, and difficulty in breathing (8) . In addition to the clinical syndrome, evidence for histamine as the causative agent of symptoms includes increased derivatives of histamine in the urine of affected individuals (5) , increased histamine concentration in plasma (9) , and reversal of symptoms after treatment with antihistamines (6, 7, 10) .
Of special interest is the role of diamine oxidase (DAO) blocking agents. Normally, ingested histamine is degraded by the intestinal enzyme DAO. However, when the enzyme is inhibited by foodborne or pharmacologic inhibitors (11) (12) (13) , histamine levels in plasma increase and the patient develops symptoms of scombroid poisoning. Because putrescine and cadaverine can compete with histamine for binding with DAO (14, 15) , it has been suggested that they act as competitive inhibitors of the enzyme and thus potentiate the toxicity of histamine (16, 17) . In addition, scombroid poisoning symptoms have been noted in association with other types of fish when putrescine and cadaverine were elevated in the absence of increased histamine (18, 19) . This observation suggests a direct role of these diamines in toxic episodes and points to the need to test for them as well as for histamine. Moreover, high concentrations of putrescine and cadaverine have been observed in spoiled pork (20) , cheese (21, 22) , crustaceans (lobster and shrimp; 18), and fish such as rockfish (family Scorpaenidae) and salmon (family Salmonidae; 18). Thus, putrescine and cadaverine are also indicators of bacterial contamination and decomposition in various foods. Current data indicate that cadaverine and putrescine levels of <0.5 ppm in fishery products are acceptable, but concentrations above this indicate some level of decomposition (23) . Because these 2 diamines are associated with both scombroid poisoning and microbial decomposition of seafood in either the presence or absence of histamine, testing for their presence in tuna and other fish during processing is extremely important and a simple test would be beneficial to the seafood industry.
Cadaverine and putrescine usually are determined by gas chromatography (GC; 23, 24), high-performance liquid chromatography (25) (26) (27) , and cation-exchange liquid chromatography (28) (29) (30) , all of which utilize either pre-or post-separatory derivatization with chromogenic or flurogenic labels. Unfortunately, these methods are labor intensive, requiring extensive extraction with organic solvents or acids, expensive equipment, and trained technicians. A simpler approach involves use of amine-specific enzymes that recognize and rapidly transform the substrate(s) into measurable products. In the presence of oxygen, DAO deaminates the diamines to form hydrogen peroxide, ammonia, and the corresponding aldehyde:
The liberated hydrogen peroxide, coupled with horseradish peroxidase (HRP), converts a reduced dye to its oxidized form with accompanying color development:
Dry chemistry tests for glucose (e.g., Ames Glucostix) and cholesterol (e.g., Kodak Ektachem Chol) use the appropriate oxidase, HRP, a compatible dye, buffers, and stabilizers embedded in a solid matrix such as polymer film, filter paper, or silica. In combination with reflectance photometry, they give simple, rapid, and quantitative results. Alternatively, the color developed may be compared visually with a color chart. Recently, we developed a test strip/dipstick test for histamine in tuna (31, 32) by replacing glucose oxidase with histaminase (pig kidney DAO). In this paper, we report the production of a similar dry chemistry test (test strip) for the diamines putrescine and cadaverine.
Experimental

Materials
Pea and soybean seeds were obtained from Southern Farm Supply (Hattiesburg, MS). Yellowfin tuna loins were obtained on ice within 24 h of harvest from the Gulf of Mexico by Delchamps Seafood Division (Hattiesburg, MS) and stored at -20°C. Sixteen samples of spoiled tuna were obtained from the U.S. Food and Drug Administration (FDA), Office of Seafood, Washington, DC. Samples 2 and 16 were naturally decomposed skipjack tuna received from a large commercial company, where the naturally decomposed tuna is used as an industrial check sample. Samples 6, 9, and 14 were canned decomposed albacore tuna from an FDA authentic pack. The fish were decomposed prior to canning. Samples 5 and 10 were mixtures of commercial canned tuna (unspecified type) decomposed prior to canning. Samples 3 and 4 were commercial quality canned yellowfin tuna packed in water. Samples 7, 8, 11 , and 12 were prepared from commercial frozen yellow- fin tuna steaks that had been treated with carbon monoxide. The steaks were thawed and permitted to spoil and then refrozen. Sample 1 was water-packed skipjack tuna canned in Thailand. Samples 13 and 15 were derived from a low-amine raw tuna steak, which was composited and then spiked with putrescine dihydrochloride in deionized water to obtain concentrations of 12 (sample 13) and 24 ppm (sample 15), respectively. Samples 1-4 were given a sensory classification of pass, whereas the remaining samples failed. All canned tuna was packed in water with some salt and possibly some hydrolyzed soy protein added. Samples were stored at -80°C until use. Peroxide detection strips embedded with peroxidase and dye indicator were manufactured by Serim Research Corporation (Elkhart, IN). HRP (250 U/mg) and the dihydrochlorides (diHCls) of histidine, ornithine, lysine, histamine, putrescine, and cadaverine were obtained from Sigma Chemical Company (St. Louis, MO). Stabilcoat, Stabilzyme Select, and Stabilzyme/HRP were obtained from Biometric Systems, Inc. (Eden Prairie, MN).
The following chemicals were also from Sigma: Tris, anhydrous monobasic potassium phosphate, alginic acid, lactose, microgranular cellulose, trehalose, copper sulfate, polyethylene glycol, gelatin, polyvinyl pyrrolidone, and phenyl sepharose CL-4B. 2,2′-Azino-di-[3 ethylbenzthiazoline sulfonate] (ABTS) was from Boehringer Mannheim Biochemicals (Indianapolis, IN). Ammonium sulfate and glycerol were obtained from Fisher (Pittsburgh, PA).
Enzyme Purification
The buffer used throughout purification was potassium phosphate (0.1M, pH 7.0; buffer A). Pea seedlings were harvested after 2 weeks growth in vermiculite, and the cotyledons were homogenized in a blender with 2 volumes of buffer A. The solution obtained was filtered through cheesecloth, brought to 30% saturation with ammonium sulfate at 0°C, and centrifuged for 35 min at 27 200 × g and 4°C. The supernatant was brought to 60% saturation with ammonium sulfate at 0°C and centrifuged for 45 min at 27 200 × g. The pellet thus obtained was resuspended in a minimal volume of buffer A containing 30% ammonium sulfate. This solution was loaded onto a phenyl sepharose column previously equilibrated with buffer A containing 30% ammonium sulfate. The column was washed with 1 volume equilibration buffer and 1 volume buffer A containing 20% ammonium sulfate. Subsequently, a gradient was run from buffer A containing 20% ammonium sulfate to buffer A containing 10% glycerol, and the fractions were assayed for enzyme activity. Active fractions were pooled and, when necessary, concentrated by reprecipitation with 75% ammonium sulfate at 0°C followed by resuspension of the pellet in a minimum volume of buffer A. The enzyme was then dialyzed overnight against potassium phosphate buffer (0.05M, pH 7.0) with 1 µM copper sulfate at 4°C.
DAO Activity
DAO was assayed by the method of Majkic-Singh et al. (33) . In brief, 10 µL enzyme was added to 700 µL of a cocktail containing ABTS (1.5 mM), putrescine diHCl (5 mM), and HRP (100 units) in potassium phosphate buffer (0.1M, pH 7.0). The absorbance of the ABTS cation radical was monitored at 725 nm, and the enzyme activity was calculated from the extinction coefficient (1.9 × 10 4 /M⋅cm; 34). One unit of enzyme activity was defined as the amount of enzyme necessary to transform 1 µmol substrate/min under standard conditions.
Test Strip Development
In initial studies, pea DAO was added to color strips in the manner described previously for pig kidney DAO (31)-that is, with or without additional HRP (0-100 units)-and allowed to dry at 37°C. The strips subsequently were tested for color development with cadaverine (10-100 µM). The following chemicals were investigated for their ability to improve the stability of the DAO/HRP color strips: alginic acid, lactose, microgranular cellulose, Stabilcoat, Stabilzyme/HRP, Stabilzyme Select, trehalose, copper sulfate, polyethylene glycol, gelatin, and polyvinyl pyrrolidone. The stabilizers were added singly or in combination to the DAO preparation at concentrations varying from 1 to 10% total stabilizer.
Preparation of Optimized Test Strips
One part Stabilzyme/HRP was mixed with 9 parts DAO (3.00 U/mL), and HRP was dissolved into this solution to a concentration of 48.8 pyrogallol U/mL. The filter paper was first dipped into an alcohol solution of the oxidation indicator, dried at 50°C, and subsequently dipped into the DAO/HRP/stabilizer solution and dried at 50°C for 15 min. The dried paper was processed into test strips consisting of a square indicator pad attached to a polystyrene handle. This procedure produced lots of 1000 test strips with identical activity. 
Preparation of Tuna Samples
Fresh yellowfin tuna was thawed and homogenized in 2 volumes of potassium phosphate buffer (0.1M, pH 6.5) for 5 min in a Waring blender at maximum setting. The homogenate was centrifuged for 25 min at 27 200 × g and 4°C. Clarification of the extract by gravity filtration through Whatman filter paper No. 2 was equally useful. The supernatant was divided into several portions, which were spiked with cadaverine, putrescine, and histamine to final concentrations of 25 or 75 µM. Each pool was then divided into tubes and either tested immediately or frozen at -20°C. These portions of fresh tuna (quality control samples) were used to determine assay precision. Sixteen samples of decomposed tuna, which had been previously tested by the FDA, were extracted in the same manner. One portion from each extract was tested immediately, and a second one was tested after freezing at -20°C.
Diamine Determination
Quality control samples and samples of decomposed tuna were tested after cation-exchange column chromatography (Waters Accell CM Sep-Pak) in a manner similar to that described previously for copper chelation assay for histamine (35) . The columns were equilibrated with 5 mL potassium phosphate buffer (0.025M, pH 6.5). Samples to be tested were diluted 1:5 (5 mL extract + 20 mL dH 2 O) and loaded onto the columns. The columns were then washed with 5 mL potassium phosphate buffer (0.025M, pH 6.5) and eluted with 5 mL elution buffer (0.1M KH 2 PO 4 , 0.1M NaCl, pH 7.0). To determine the concentration of diamine, test strips were immersed for 3-4 s in samples to be tested and then observed visually. Color was allowed to develop for 7 min unless otherwise stated, and the reflectance was determined at 560 nm with a Hitachi Model 100-60 spectrophotometer with reflectometer attachment (Hitachi, Danbury, CT). Standard curves were performed in elution buffer spiked with known concentrations of cadaverine (0-100 µM). Diamine concentrations of unknown samples were determined from the average of these curves. Samples with elevated concentrations of diamine were diluted with elution buffer and reassayed. Additionally, a few quality control samples were tested without column chromatography directly or after heat treatment (10 min at 75°C).
Cadaverine and putrescine were assayed by the AOAC reference method (GC; 23, 24) , and histamine analysis was performed by using a modification of the fluorometric AOAC reference method (23, 36) .
Statistical Analysis
Linearity curves were subjected to regression analysis, and multiple R squared (RSQ) values were calculated. Statistical analysis of the diamine concentrations in decomposed tuna samples was performed with a mixed-effect model and maximum-likelihood estimation (37) . The variance consisted of 3 components: variability among replicates, columns, and samples, which were assumed to be proportional to the diamine concentrations. Because recoveries of the 2 diamines differ, the unadjusted observed diamine concentrations were modeled as a function of the known amine concentrations where the estimated parameter coefficients should correspond to the recovery rates of the 2 diamines. The coefficient for histamine will reflect both the recovery and the lower reactivity with the test strip.
Results and Discussion
Test Strip Development
DAO from pea seedling proved reactive with putrescine, cadaverine, and histamine and was quite stable. A tissue distribution study of enzyme activity indicated that the cotyledon of the pea was richest in DAO and that maximal enzyme activity was obtained after 10-14 days of growth. A protocol for rapid partial purification of the enzyme was developed using ammonium sulfate fractionation followed by phenyl sepharose chromatography. The highly purified and concentrated enzyme preparations were then used to make the test strips. Of the stabilizers tried, only the Stabilzyme/HRP proved useful. Pea seedling DAO and Stabilzyme/HRP were sent to Serim Research, Inc., which prepared dipsticks with the combination of all the reagents with a pilot test strip manufacturing facility. The result has been 4 lots of test strips/dipsticks that have proved to be consistent and stable.
Test Strip Assay
Time courses were performed using 100 µM cadaverine, putrescine, and histamine spiked into elution buffer (0.1M KH 2 PO 4 , 0.1M NaCl, pH 7.0) to determine the optimal duration for the assay (Figure 1 ). At 7 min, color development was maximum and reproducible for cadaverine and putrescine but minimal for histamine; therefore this time was selected. Histamine reacted only slightly in this assay (about 4% as much as putrescine or cadaverine) and developed color more slowly, reaching a maximum after 18-20 min. 
Performance Characteristics
Fresh tuna samples spiked with diamines were used to determine intra-and interassay precision (Table 1) . Both the intraassay coefficient of variation (CV; 5-16%) and the interassay (14-18%) were below 20%. A recovery study (Table 2) was done by spiking cadaverine (10-100 µM) or putrescine (10-100 µM) into a tuna sample with a negligible concentration of diamine. Average recoveries were 79% for cadaverine and 57% for putrescine. To determine the sensitivity of the assay, 20 samples of fresh tuna were analyzed, and the mean plus 2 standard deviations was calculated. The minimum detectable concentration for the assay was 0.5 µM. The minimum concentration clearly detectable to the naked eye was between 5 and 10 µM in the solution being tested, corresponding to 0.5 and 1.0 ppm.
The linearity of the assay was determined by using elution buffer spiked with different concentrations of cadaverine. To ensure reproducibility, 4 separate experiments with 6 replicates per experiment (n = 24) were performed and regression analysis was done. The data are linear to 75 µM, with multiple RSQ of 0.91. The linearity for putrescine duplicated that of cadaverine. Histamine, lysine, ornithine, and histidine were analyzed in parallel with cadaverine and putrescine to determine the extent of reaction with other diamines and amino acids. Histamine reacted slightly at 25-fold higher concentration than putrescine and cadaverine, whereas none of the amino acids reacted at all with the test strip (Figure 2) . To test the longevity of the test strips, 2 lots stored dessicated at 4°C were tested weekly with cadaverine (20 µM). Both lots were stable for at least 6 months. The longest lasting lot tested was stable for 12 months (83% of initial color response). Similarly, a single lot was tested in parallel at 3 different temperatures. After 7 weeks, the test strips stored at 4°C maintained 97% of their initial color response whereas those stored at room temperature (71% reactive) and 37°C (48% reactive) lost a considerable amount of their activity. The test strip reacted optimally at pH 7.0 and very poorly below pH 6.5 and above pH 8.0. There was slight interference from 0.1M NaCl, and the assay was markedly affected by higher salt concentrations.
Extraction and Separation of Amines
A protocol for extracting diamines from tuna was developed. The initial extract contained an inhibitor that caused the test strip to fade rapidly after reaching maximal color development. Passing the extract over a Waters Accell CM column improved results by removing this inhibitor. Thus the extract would react with the test strip and maintain color for >20 min. Pretreatment by heating the extract to 75°C for 1-10 min did not improve results, and efforts to separate or discriminate between the diamines were unsuccessful. 
Method Comparison
Sixteen samples of tuna in various stages of decomposition were split and assayed by the test strip/dipstick test (8-10 replicates each) and the standard AOAC methods (24, 36) . Results are presented in Table 3 . The diamine concentrations determined with the test strip were modeled as a function of the known concentrations (reference method) of the 3 amines (Table 4 ). The estimated coefficients for cadaverine (0.67) and putrescine (0.66) corresponded closely to those expected from their respective recovery rates (0.79 and 0.57). Specifically, the estimated recovery rates were within the 95% confidence intervals of the estimated coefficients for these amines, namely 0.51-0.84 for cadaverine and 0.47-0.85 for putrescine. Similarly, the coefficient for histamine (0.02) corresponded closely to that expected from the recovery absorption data (0.02); once again the estimated recovery rate was within the 95% confidence interval of the estimated coefficient for histamine (0.01-0.03). Overall, the results indicate that the dipstick assay will accurately estimate the diamine (cadaverine and putrescine) concentrations when histamine levels are low and slightly overestimate when the histamine concentration is high. To confirm these results, the cation column (Waters Accell CM) eluates from 2 fish extracts (fish No. 10 and No. 14) were assayed for putrescine and cadaverine by the AOAC method, and the results compared with those originally obtained for those fish with the AOAC extraction method. The results were in excellent agreement, i.e., <10% variation, indicating that both putrescine and cadaverine are being extracted by our method and that neither is lost on the column.
Estimates of variation in diamine concentrations for test strip/dipstick replicates and column replicates are low and indicate that the assay (both the test strip and column chromatography steps) is highly reproducible. An estimate of variance for the samples was derived by comparing the sample mean and the predicted mean from the model, using the estimated recoveries for the 3 amines and the FDA results. This analysis showed that the variation is slightly higher between samples than between replicates, as might be expected from the variety of sample species and processing methods used.
Discussion
The importance of cadaverine and putrescine testing in seafood derives from the fact that they are decomposition products that reflect the degree of spoilage. Together with histamine, they are implicated in scombroid poisoning (23, 32) . Because cadaverine and putrescine constitute the major spoilage products and in most instances their development preceeds that of histamine, they are logical targets for testing (23) . The major advantages of the method presented here are elimination of environmentally unfriendly compounds and simplicity and ease of operation of the test. One could envision the development of a hand held reflectometer similar to those used by diabetics for glucose monitoring at home. This device, together with a blender and a tabletop centrifuge, would constitute the only necessary equipment. Ultimately, we hope to see this assay used as a quick method for screening and triaging fish samples into safe, suspect, and definitely spoiled categories. Then if one wished to discriminate between the diamines, one can do further testing.
The fact that high histamine concentrations in fish may cause one to overestimate the diamine (cadaverine and putrescine) levels needs not interfere with the usefulness of the assay, because histamine production usually is preceded by that of cadaverine and putrescine. Under such conditions, the fish would fall into the definitely spoiled category. Additionally, histamine is itself toxic and, therefore, any histamine would simply add to the toxicity of the fish sample, which should be rejected for human consumption. Results from the recovery studies indicate that putrescine binds more tightly to protein than cadaverine does. Thus, putrescine is somewhat more difficult to extract by our extraction protocol. The spe-HALL ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 82, NO. 5, 1999 1107 cific decomposition product(s) formed and their relative rates of production depend on the microbial flora present, the marine species, and the time and temperature of storage (23) . However, cadaverine is the major product in tuna when spoiled at most temperatures. Thus, by the time the putrescine concentration becomes significant, the cadaverine concentrations would have reached a level where the fish would be classified as spoiled and cadaverine would be more easily and completely extracted.
Conclusions
This paper reports the first solid-phase enzymatic assay for cadaverine and putrescine. The assay is linear up to 75 µM and sensitive down to the range targeted for regulatory action by the FDA. It is inexpensive and can be performed by semiskilled operators. Because cadaverine and putrescine preceed the development of histamine during fish spoilage, this assay could be a useful tool in assessing decomposition and preventing scombroid poisoning.
